Abstract-Two-dimensional gel electrophoresis (2DGE) images play a major role in techniques for protein separation. The registration of 2DGE images is considered as one of key elements in protein identification. This paper proposes a single adaptive registration scheme for 2DGE images. Within the scheme, three registration methods based on the combined use of global linear affine and local nonlinear thin-plate spline (TPS), Demons, B-spline algorithms are explored and compared. The results show that the method using multi-resolution B-spline is preferred.
I. INTRODUCTION
wo-dimensional gel electrophoresis (2DGE) is currently the leading proteomic technique for analyzing, visualizing and quantifying the proteins expressed in a biological system at a given time. Originally introduced by Patrick O'Farrell for analyzing Escherichia coli proteins in 1975 [1] , 2DGE separates protein first in the direction of isoelectric points (pI), then in that of molecular weight (MW), thus generating a two-dimensional (2D) images, called 2DGE or gels images, in which the separated proteins appear as blob spots with various gray levels and sizes on a bright background.
Comparing 2DGE images enables to detect changes in protein expressions or even to identify new proteins. However, before performing such comparison, there should be geometrical correspondence between the images to be compared. This is a registration problem in terms of image processing. Therefore, registration of 2DGE images is an important step in bioinformatics study of proteins. Due to complex physical and chemical processes, the locations of the same protein spots in different gels images may differ in a both globally and locally different manner, so an adaptive registration scheme is needed to take into account such global and local displacements of 2DGE images. Previously proposed methods for electrophoresis images registration can be classified into three categories: landmark-based, intensity-based, and landmark-intensity based. Since registration based on intensity or landmark alone is often not sufficiently accurate for registering 2DGE images, the method based on both intensity and landmark information was proposed [2] [3] , showing that this category of methods significantly improves registration accuracy.
However, in the field of medical imaging, it was shown that, for the same medical images to be registered, different registration methods leads to different registrations results [4] [5] [6] . Meanwhile, our experiments on 2DGE images also revealed that different registration methods led to significantly varying results. The purpose of this paper is to propose a single adaptive registration scheme for 2DGE images. Within the scheme, three registration methods based on the combined use of global linear affine and local nonlinear thin-plate spline (TPS), Demons and B-spline algorithms are explored and compared.
II. METHODS
Registration of 2DGE images consists in finding corresponding protein spots in two input images. To do that, an adaptive registration scheme is investigated.
Firstly, since geometric distortions mainly result from global changes of the electric field in gel images, we perform a global multi-resolution affine registration. The affine transform is a linear transformation that maps lines into lines. It can be used to represent translations, rotations, anisotropic scaling, shearing or any combination of them. A registration based on the affine transform may be more effective when applied to remove the major global misalignment. This affine registration step is carried out by fine tuning the scale parameters of the optimizer. With the multi-resolution process, the registration is first performed at the coarsest level using the images at the first level of the fixed and moving image pyramids, then the transform parameters determined by the registration are used to initialize the registration at the next finer level using images from the second level of the pyramids. Although this global affine step is not extremely accurate, it is a good initial registration.
Then, since, after global affine registration, there still exist local deformations presented by combinational factors, a nonlinear local registration method is required. To do this, we introduce three different nonlinear registration methods based respectively on the TPS, Demons, and B-spline models.
Assume that E total represents a general energy function for the above three nonlinear methods, which is to be minimized during the registration. It can be described as following:
where E sim is a similarity energy aiming at finding the correspondences, E reg , a regularization energy, used to smooth displacement fields, and E constraint , a constraint term, served to incorporate forward and backward transformations. represent the weight of the similarity term, the regularizing term and the constraint term respectively, aim to adjust the relative strength of the three different energies. For nonlinear registration based on the TPS [7] , the first term measures the sum of the quadratic Euclidean distances between two images, the second term controls the smoothness of the transformation, the third term gives the harmony of the forward and backward transformations, and the parameters , , and weight the relevance of the similarity energy with respect to the regularization energy and the constraint energy. , E sim is provided by the intensity similarity measure such as the sum of squared differences (SSD) because 2DGE images that we deal with are nearly binary, E reg determines the smoothness of the displacement field through smoothing the force field using a Gaussian filter, and by E constraint , both the gradient of the fixed image and that of the moving image are taken into account. The choice of the three parameters , and make it possible to adjust the effect of these three different terms. In our present study, a multi-resolution strategy is used in the three nonlinear registration methods. This makes it reasonable to use a coarse and fast interpolator in the lower resolution levels and switch to a high-quality but slow interpolator in the final resolution level, thus making the registration more robust.
III. EXPERIMENTS AND RESULTS
The proposed registration scheme was evaluated using 2D gel electrophoresis images of the Escherichia coli proteome, and the experiments were carried out as the following: firstly, we simulated global and local distortions, and performed the registration between the original and distorted images. Then, the proposed method was tested with 5 pairs of real gel images. All original images were acquired in the Bacterial chemistry laboratory, Marseille, France.
A. Experiment with simulated images
The simulated pairs of images are such as those shown in Fig. 1 . An original image was used as the fixed image, and the moving image to be registered with respect to the original image was simulated by applying global and local distortions on the original image. Fig. 2 shows the results of registering the simulated images given in Fig. 1 , using our scheme based on respectively the TPS ( =1, =1, =1), Demons ( =1, =2, =1), and B-spline ( =1, =1, =1) methods. The left column represents the images after registration, and the right column the difference images between the original and registered images. To more quantitatively assess the registration accuracy, we counted the number of matched spots in the two images. The results are given in Table I , it is observed that the registration based on B-spline gives much better result. 
B. Experiment with pairs of real gel images
The used real gel images have ground truth in the sense that the corresponding spot pairs have been established by biologists. An example of such real gel images before registration is shown in Fig. 3 , in which one original image is used as the fixed image, and the other as the moving image. Th that is to say, the We ted ow he er posi betw stering the real gel images using our =1, =1, =1), Demons ( =1, =2, =1), and B-spline ( =1, =1, =1) are shown in Fig. 4 . The quantitative assessment of the registration accuracy is given in Table II . Both the difference image in Fig. 4 and quantitative results in Table II show that the registration based on B-spline gives much better results.
ese two images represent the protein content of a solution under different biological conditions, images in a pair do not show the same information. are also interes in kn ing t difference in spot numb and tion een the two images, since it contains very useful information about Escherichia coli. It is seen that the difference image has great values, showing that there is no geometrical correspondence between the fixed and moving images before registration.
The results of regi Table III shows registration results on other five pairs of real gel images. They also show that B-spline based registration leads to better results.
IV. DISCUSSIONS AND CON
The r both simulate real gel images n based on T Demons was no probably are For TPS algorithm, when the control points are irregularly aced, large errors may occur for points away from the ontrol points due to radially symmetric logarithmic nctions. Also, and when logarithmic basis functions onotonically increase to cover the entire image domain, the ansformation becomes global and cannot well adapt to local eformations.
In the case of Demons algorithm, although it is a model daptable to local deformations, it depends largely on gray vel information of the images by assuming that the intensity constant with time, whereas two corresponding spots in DGE images may have rather different gray levels, which ould result in the problem of the consistency.
oncerning B-spline algorithm, the interpolation between nodes has the local support characteristic, and only voxels wi 2D gels images. Hence, in view of the fact the three methods present little ifference in computation time, we conclude that the gistration method based on the combined use of global near affine and local nonlinear B-spline algorithms is preferred for the registration of 2DGE images. 
